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(54) Sputtering reactor and method of using an unbalanced magnetron 



(57) In a sputtering device which has a small rotata- 
bie magnetron (30) arranged opposite a target 16, the 
magnetron (30) has a first magnet band (44) and a sec- 
ond magnet band (42) of opposite polarity arranged out- 
side the said first magnet band (44). The total magnetic 
flux of the first, inner magnet band (44) is less than that 
of the second outer magnet band (42). Some of the 
lines of magnetic flux from the second magnet band 
(42) pass through the first magnet band (44) and temii- 
nate at the second magnet band (42). The remaining 
lines of magnetic flux from the second magnet band 
(42) form a magnetic flux loop that encloses the first 
magnet band (44) and that terminates at the second 
magnet band (42). Consequently, the ability to confine 
electrons can be improved because no lines of mag- 
netic flux extend beyond the vacuum chamber. The 
magnetron may be implemented with unbalanced mag- 
net pairs of opposite polarity coupled through a mag- 
netic yoke or may be implemented with outer cylindrical 
magnets (43a) of one magnetic polarity an^nged in an 
oval or circular band extending from near the target 
center to the target periphery and inner cylindrical mag- 
nets (43b) of the opposite polarity arranged inside the 
band. The total magnet strength of the outer magnets 
should be at least 150% that of the Inner magnets. The 
outer band is preferably in an oval shape having a minor 
axis no smaller than 0.8 of the major axis, and more 



preferably in a circular shape. The outer band either 
passes through the magnetron rotation axis or is 
located completely away from the axis. 



FIG. 12 




PrtntBd by Xenm (UK) Business Sefvioes 
Z16.7(HRS)/3.6 



EP001 067577A mttD://www.Qetthepatent.com/Lo g in.doQ/$aschiavelli/Fetch/EP001 067577A.cpc?fromCache=1 part=main.t)oibar=bottom1 



Page 2 of 33 



1 EP 1 067 577 A2 2 



Description 

RELD OF THE INVENTION 

[0001] The invention relates generally to magnetron 5 
sputtering. In particular, the Invention relates to the con- 
figuration and placement of a rotatable magnetron. 

BACKGROUND ART 

10 

[0002] A plasma sputter reactor typically includes a 
sputtering target, a wafer support pedestal which is 
arranged to face the consumable erosion surface of the 
sputtering target, and a magnetron which Is arranged to 
face the inner surface of the sputtering target. A magn- is 
etron creates a magnetic field adjacent to the erosion 
surface of the target to increase the plasma density and 
hence the sputtering rate. A worlcing gas, such as 
argon, is fed into the vacuum chamber of the sputter 
reactor to generate a plasma near the sputtering target. 20 
Particles sputtered from the sputtering target reach the 
wafer to form a film. 

[0003] The continuing development of miniaturized 
semiconductor devices has prompted a strong demand 
for full coverage at the bottom of inter-level connection 25 
holes, known as via or contact holes, having a high 
aspect ratio. In order to meet this demand, the present 
inventors have studied methods for improving the bot- 
tom coverage within the hole achievable by sputtering. 
[0004] It Is also important to improve the in-plane 30 
uniformity of the thicl<ness of a film formed on a sub- 
strate by sputtering. For example, accompanying the 
development of large glass substrates for liquid-crystal 
and large semiconductor wafers, as exemplified in the 
transition from 200mm to 300mm wafers, there has 35 
been a great demand to further Improve the in-plane 
uniformity of film thicl<ness. 

[0005] Accordingly, it is desired to provide a sputter 
reactor and a sputtering deposition method for improved 
bottom coverage. 4o 
[0006] It is also desired to provide a sputtering reac- 
tor and a sputtering deposition method for improved in- 
plane uniformity of film thickness. 
[0007] In addition to the uniform sputter deposition, 
it Is also desired to uniformly sputter the erosion surface 45 
of the target to maximize target utilization. 

SUMMARY OF THE INVENTION 

[0008] The Invention Is defined in claims 1, 14, 16, so 
20 and 26, respectively. Particular embodiments of the 
Invention are set out In the dependent claims. 
[0009] The Invention includes a magnetron sputter- 
ing reactor and a method of sputtering in which a mag- 
netron is positioned at the back of a target composed of ss 
a material to be sputtered. The magnetron is rotated 
about the center of the target to provide uniform sputter- 
ing and sputter deposition. 



[001 0] According to one aspect of the invention, the 
magnetron Includes an outer magnet band of one polar- 
ity enclosing an inner magnet band of the opposite 
polarity. Preferably, the inner magnet band encloses an 
aperture free of permanently magnetized material, 
although an aperture-free Inner band is prefen-ed in 
some configurations. Each of bands may be formed of a 
single magnet or of multiple magnets arranged in sub- 
stantially parallel band shapes. A magnetic yoke may 
support the magnets of both bands and magnetically 
couple the bands of opposed polarity. In the case of a 
band being composed of multiple magnets, a magnetic 
pole face having a band shape may be positioned on 
the ends of the magnets opposite the yoke and magnet- 
ically couple the magnets of the same polarity, thereby 
bridging the region between the discrete magnets. 
[0011] According to a second aspect of the inven- 
tion, the magnetron Is unbalanced and the total mag- 
netic flux produced by the outer magnet band is greater, 
preferably by a factor of at least 1 .5, than the total mag- 
netic flux produced by the inner band. Thereby, the 
magnetic field may be projected toward substrate being 
sputter coated. 

[0012] According to a third aspect of the invention, 
the magnetron is substantially confined to one side of 
the rotation shaft positioned at the center of the target 
and rotating the magnetron about the target center. 
Excursions of the magnetron to the other side are llnv 
ited to small fractions of the target radius, for example, 
1 5%. Preferably, the outer magnet band overiies the tar- 
get center. 

[001 3] According to a fourth aspect of the invention, 
the curvature of the shape of the small-area magnetron 
is limited. Such shapes include circles and ovals having 
ratios of the minor axis to the major axis of at least 0.8. 
The oval's major axis is preferably arranged along a tar- 
get radius, but other orientations are possible. However, 
the invention may also be applied to other shapes of 
magnetrons, including triangles, arced triangles, and 
racetracks having parallel bands extending from near 
the target center to near the target periphery. 
[0014] According to a fifth aspect of the invention, 
the magnetron includes nested pairs of magnet bands. 
[0015] According to a sixth aspect of the Invention, 
the magnetron may be fonned of cylindrical magnets of 
one magnetic polarity annnged In an outer band having 
an oval or circular shape and cylindrical magnets of the 
other magnetic polarity an^nged within the outer band. 
Preferably, the magnets in the outer bands have differ- 
ing strengths, the stronger magnets being disposed 
closer to the target periphery. 
[0016] The invention allows increased Ionization of 
the sputtered atoms and provides magnetic guidance of 
the sputtered ions accelerated towards the substrate 
being sputtered coated. Thereby, deep hole filling Is 
facilitated, and center-to-edge uniformity Is improved. 
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BRIEF DESCRIPTION OF THE DRAWINGS 
[0017] 

FIG. 1 is a schematic diagram cross-section illus- s 
trating the configuration of the magnetron type 
sputter reactor of the present invention. 
FIG. 2 is a plan view illustrating the arrangement 
position of the magnet pairs. 

FIG. 3 Is an enlarged cross-sectional view of a io 
magnet pair sub-units. 

FIGS. 4, 5 and 6 are plan views illustrating three 
an-angements of closely related magnets for 
explaining the magnetic field generated by the mag- 
nets. 15 
FIG. 7 is a plan view illustrating an alternative 
an-angement of magnets for explaining the mag- 
netic field generated by the magnets. 
FIG. 8 is a schematic cross-section diagram illus- 
trating a magnetic field fomied in the gutter reactor 20 
of FIG. 1. 

FIGS. 9 and 10 are diagrams illustrating magnetic 
fields formed in sputter reactors having different 
magnetrons than that of FIG. 1 . 
FIG. 11 is a plan view of magnetron including 2S 
nested magnet bands. 

FIG. 12 is a schematic diagram cross-section illus- 
trating the configuration of another embodiment of 
the magnetron type sputter reactor of the present 
invention using rod magnets 30 
FIGS. 13 and 14 are bottom plan views of the 
an-angement of the rod magnets of FIG. 12 into 
either a radially flattened oval shape or a circular 
shape. 

FIG. 15 is a schematic cross-sectional diagram 35 
illustrating a magnetic field formed in the sputter 

reactor of FIG. 12. 

FIG. 16 is a schematic cross-sectional diagram 
illustrating the magnetic field formed in a sputter 
reactor with the opposite magnetic imbalance as 4o 
that of FIG. 12. 

FIG. 17 is an orthographic view of another embodi- 
ment of a magnetron of the invention, 
FIG. 18 is a bottom plan view of an alternative 
an-angement of magnets including magnets of dif- 45 
ferent sizes. 

FIG. 19 is a graph plotting the unifomiity of sheet 
resistance as a function of magnetic imbalance. 

DETAILED DESCRIPTION OF THE PREFERRED so 
EMBODIMENTS 

[0018] In order to realize the aforementioned 
objects of the invention, the present inventors have per- 
formed extensive research. The experiments sought a 55 
magnet arrangement which reduces the aforemen- 
tioned tendency for non-uniform sputtering deposition. 
In one experiment, magnets were arranged around the 



4 

central region in order to Increase the deposited amount 
of material in the region adjacent to the central portion 
that had a greater film thickness. The experimental 
results showed, however, that the object of increased 
uniformity could not be met. 

[0019] Two general results were observed. First, it 
was found that the bottom coverage at the bottom of 
connection holes with a high aspect ratio can be 
improved by reducing the pressure of the processing 
gas supplied to the sputtering device. Secondly the idea 
of rotating the magnetron seemed promising. That is, if 
magnets are ananged radially outward from the center 
of the substrate and are rotated, the magnets can pass 
over the entire consumable surface of the target. 
[0020] However, the experiments showed that if the 
pressure of the processing gas is reduced, the plasma 
used for sputtering cannot be maintained. Based on fur- 
ther experiments, it is believed the reason the plasma 
cannot be maintained is that, if the pressure is reduced, 
the supply of electrons is also reduced. Also, the elec- 
trons in the plasma will escape to any electrically con- 
ductive surface and be lost from the plasma. 
[0021] This decrease in electron density can be 
avoided by (a) adding a new source of electrons or (b) 
confining the generated electrons to prevent them from 
escaping. When gas is supplied to the chamber to 
replenish the supply of electrons, it is important to pre- 
vent the generated electrons from escaping. Therefore, 
the design of the sputtering device was thoroughly 
examined for escape paths for electrons. The inventors 
noticed the fact that the shield arranged in the vacuum 
chamber Is grounded. It is believed that some of the 
electrons in the plasma flow to the shield because of the 
potential difference between the plasma and the shield. 
Consequently, the electron density can be increased if 
the number of the electrons flowing to the shield is 
reduced. 

[0022] In order to reduce the electron cun-ent flow to 
the shield, the inventors feel that they should have a bet- 
ter knowledge of the magnitudes and orientations of the 
magnetic and electric fields in the vacuum chamber as 
well as the movement of the electrons in the electro- 
magnetic field. 

[0023] Generally speaking, in an electromagnetic 
field, electrons move along a curve in a direction corre- 
sponding to the direction of the electric field and rotate 
about magnetic field lines resulting in a spiral trajectory. 
The magnetic field generated by the magnetron extends 
to the outside of the vacuum chamber. As a result, in 
this magnetic field, some of the electrons that are in the 
spiral movement about the magnetic lines will reach the 
shield and be grounded from the plasma at that point. 
The magnetic field Is used to increase the density of the 
plasma but is unable to confine completely the gener- 
ated electrons. 

[0024] Consequently, the inventors have concluded 
that the problem can be solved if a magnetron gener- 
ates a magnetic field that can confine the electrons. 
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[0025] The sputtering device of the present inven- 
tion is equipped with a vacuum chamber, a vacuum 
pump for reducing the pressure of the vacuum chamber, 
a gas supply means for supplying a sputter worl< gas to 
the vacuum chamber, a pedestal for supporting a sub- 
strate in the vacuum chamber, a sputtering target, and a 
magnetron. Advantageously, it also includes a drive 
motor for rotating the magnetron. In the sputtering 
device, the consumable surface of the sputtering target 
faces the substrate pedestal. The magnetron is 
arranged on the opposite side of the sputtering target 
from substrate support part. 

[0026] The magnetron of the invention has first and 
second magnet bands of opposite magnetic polarities. 
The second magnet band Is an^nged outside and sur- 
rounding the first magnet band. Preferably, the first and 
second magnet bands are separated at their poles by a 
constant gap. The magnetron is unbalanced since the 
total magnetic flux produced by the first, inner magnet 
band is less than that of the second magnet band. Since 
the first magnet band that produces a lower magnetic 
flux density is arranged on the inside of the second 
magnet band that produces a higher magnetic flux den- 
sity, part of the magnetic flux from the second magnet 
band on the outside reaches the first magnet band on 
the inside, passes through the interior of the first mag- 
net band without touching it, and terminates in the sec- 
ond magnet band. Consequently, since the magnetic 
flux that passes outside the vacuum chamber can be 
reduced, the ability of confining the electrons can be 
improved. 

[0027] The first and second magnet bands may 
have one of the following forms. The magnetron may 
have multiple first and second magnets. The multiple 
first magnets are arranged in a band with the first mag- 
netic pole, e.g. N, pointing to the target. The multiple 
second magnets are arranged in a second band with 
the second magnetic pole, e.g. S, pointing to the target. 
The magnetic polarization of the first magnet band is 
opposite from that of the second magnetic band. If each 
magnet band is made up of multiple magnets, the shape 
of the magnetic field generated by each magnet band 
can be changed in accordance with the positions that 
the magnets occupy. It is preferred that the stronger, 
second magnet band comprise the magnets arranged 
on the outermost periphery. In this way, the electrons in 
the plasma on the inner side of the second magnet band 
can be confined. 

[0028] The magnetron may have magnetic mem- 
bers or yokes arranged in such a way that the first and 
second magnet bands together fonn a magnetic circuit. 
For example, the magnetron may have a magnetic yoke 
which both supports and magnetically couples the first 
and second sets of magnets. If a magnetic circuit is 
formed, part of the magnetic flux of the second magnets 
will reach the first magnets, pass through the interior of 
the first magnets and the magnetic yoke, and and termi- 
nate at the second magnets. Also, the rest of the mag- 
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netic flux will extend in such a way to include the first 
magnets inside the magnetic circuit path, pass through 
the interior of the first magnets, and be confined by the 
second magnets. When a magnetic circuit is formed in 

5 the magnetron, it is possible to control the magnetic 
field so that it has the preferred shape for confining the 
electrons without affecting other magnetic qualities. 
[0029] In the sputter reactor of the present inven- 
tion, the multiple second magnets can be arranged in 

10 the form of a ring or band to surround the multiple first 
magnets, which may also be arranged in the forni of a 
ring or band. An aperture free of pemianently magnet- 
ized material may be formed within the inner-most band 
although such a magnet-free aperture is not always 

75 needed.. 

[0030] In the sputtering device of the present inven- 
tion, the magnetron may have further third magnetic 
yokes, better characterized as first and second mag- 
netic pole pieces. Each of the first magnetic pole pieces 

20 is arranged at the end of each first magnet to magneti- 
cally couple together first magnetic poles. Each of the 
second magnetic pole pieces is an^nged at the end of 
each second magnet to magnetically couple together 
the second magnetic poles. Since the first and second 

25 magnetic pole pieces are arranged to magnetically cou- 
ple the adjacent magnets, the magnetic flux can also be 
guided to the regions between the magnets where no 
magnet is present. Consequently, the magnetic flux 
generated by each magnet can be averaged by the 

30 magnetic pole pieces and then applied to the sputtering 
target. The variation (Individual difference among mag- 
nets) in the magnetic flux density between the adjacent 
magnets is thereby also averaged. 
[0031 ] In the sputtering device of the present inven- 

35 tion, the magnetic yokes are arranged in an appropriate 
manner to support the other ends of each of the first and 
second magnets. The first magnetic pole pieces are 
arranged in the fomi of a ring to connect one end of 
each of the first magnets. The second magnetic pole 

40 pieces are arranged in the form of a ring to connect one 
end of each of the second magnets. 
[0032] In the magnetron of the invention, the mag- 
netic flux generated by one end of the first and second 
magnets is also distributed in the regions between the 

45 various magnets w'rth the aid of the first and second 
magnetic pole pieces. Therefore, the first and second 
magnets can each fomi ring-shaped magnetic fields 
near the consumable surface. Plasma is generated 
between the two ring-shaped magnetic fields. Conse- 

50 quently, when magnetic fields are generated in such a 
way as to include the inside magnets within the mag- 
netic flux loop, the ability to confine electrons can be 
improved. The magnetic flux generated by the other end 
of the second magnets on the outside passes through 

55 the interior of the first magnetic yokes and reaches the 
other end of the first magnets. Part of the magnetic flux 
passes through the first magnets, reaches one end of 
the first magnets, and forms a loop with the magnetic 
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flux generated by one end of the second magnets. The 
rest of the magnetic flux extends from the magnetic 
yol<es and fonns a loop with the magnetic flux gener- 
ated by one end of the second magnets. If the magnetic 
field is controlled by the aforementioned magnetic cir- 5 
curt, the magnetic flux can be prevented from expanding 
to the outside. Consequently, the electron-confining effi- 
ciency of the plasma can be improved. 
[0033] The sputtering device of the present Inven- 
tion may have a sputtering target which contains Ti, Al. 10 
and/or Cu, although other materials are possible. 
[0034] The experiments described above also 
addressed the uniformity of deposition of target erosion. 
Based on these experiments the inventors concluded 
that the magnets used to control the film thickness at is 
the central portion of the substrate and the area sur- 
rounding the central portion can be arranged in the 
region that includes the center of rotation and that the 
magnets used to control the film thickness at the edge 
of the substrate can be arranged in the portion corre- 20 
spending to the periphery of the target, and that the 
magnets used to control the sputtering quantity of the 
consumable surface and the thickness of the film 
formed on the substrate can be arranged between the 
central region and the edge region. 25 
[0035] The sputtering target is positioned so that 
the consumable surface faces the substrate pedestal. 
The magnetron is positioned on the opposite side of the 
target with respect to the pedestal and has a region fac- 
ing the sputtering target. The drive means uses a shaft 30 
that is aligned to a rotation axis passing through a cer- 
tain point on the consumable surface such as its center 
and is able to rotate the magnetron with respect to the 
sputtering target. 

[0036] The magnetron has the previously described 35 
first and second magnet bands which are used to gen- 
erate a magnetic field in the vacuum chamber. To 
increase unifomnity, the magnet band is arranged in one 
of the facing regions through which passes the rotation 
axis. 40 
[0037] As described above, the first magnet band Is 
arranged In one of the facing regions in the sputtering 
reactor. Therefore, the first magnet band can be suitably 
arranged to specify the magnetic fields to be generated 
in the central and peripheral regions of the tai'get. Also, 45 
the first magnet band can be suitably arranged to con- 
trol the sputtering rate of the consumable target surface 
and the amount of the film deposited on the substrate in 
areas extending from the center to the periphery. Since 
the conventional restrictions concerning the uniformity so 
of the sputtering distribution on the consumable surface 
are reduced, a suitable magnetron shape can be 
adopted for the plan or shape of the first magnet set 
under different conditions than those imposed by the 
conventional restrictions of a stationary. Consequently 55 
the shape of the region where the magnetic field is to be 
formed can be simplified, and the sputtering uniformity 
of the consumable surface as well as the uniformity of 



the film thickness can be improved. The spacing 
between the pedestal and the target is preferably about 
0.95 times the diameter of the substrate, that is, 1 90mm 
for a 200mm wafer. 

[0038] Also, since the first magnet band can be 
arranged in one of the separated facing regions, the 
sputtering uniformity can be guaranteed, and the region 
near the consumable surface where plasma is formed 
can be reduced. Since power applied to the target is 
concentrated in this region of the magnetron, the 
plasma density can be increased without raising the 
applied power. When the plasma density is increased, 
the electron density is also increased. As a result, the 
ionization fraction of the sputtered particles can be 
Increased. Since the ionized sputtered particles are 
accelerated toward the surface of the substrate, the 
number of sputtered particles arriving at the substrate 
and having a velocity component in the direction of the 
surface of the substrate can be increased. Conse- 
quently, most of the sputtered particles reach the region 
directly below the plasma region, and a film is preferen- 
tially deposited in the region of the substrate that the 
electrons and ions reach. Therefore, the unifonnity of 
the film thickness and the bottom coverage can be 
improved. 

[0039] The present invention may have the follow- 
ing various forms. 

[0040] In the sputtering device of the present inven- 
tion to achieve increased unifonnity, the first magnet set 
may have one or more first magnets and one or more 
second magnets. The first magnets have a first part pro- 
ducing a first magnetic pole and a second part produc- 
ing the opposite second magnetic pole. It can be 
arranged with the first part facing the target. The second 
magnet has a third part exhibiting the first magnetic pole 
and a fourth part exhibiting the second magnetic pole. It 
can be an^nged with the fourth part facing the target. 
That is, the first and second magnets are aligned to pro- 
duce anti-parallel magnetic polarities. 
[0041] If the first magnet set has one or more mag- 
nets with different magnetic poles, a suitable magnetic 
field shape for achieving the sputtering uniformity of the 
target and the unifonnity of the film thickness on the 
substrate can be realized that con'esponds to the shape 
or arrangement of the magnets. 
[0042] As described previously, the first magnet set 
may have magnetic yokes used for supporting the first 
and second magnets. The first and second magnets 
can be magnetically coupled by the magnetic yokes and 
function as single magnetic body. A magnet assembly 
can be formed by the first and second magnets as well 
as the first magnetic yokes. 

[0043] In the magnetron the present invention, one 
or more second magnets can be an^nged in the fonn of 
a ring outside one or more first magnets. Such an 
arrangement is preferred for the confinement of the 
plasma by the magnetic field. 
[0044] In the magnetron of the present invention, 
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the first magnet band may also have magnetic members 
better characterized as first and second magnetic pole 
pieces. 

[0045] The second parts of the multiple first mag- 
nets are magnetically coupled to each other via the first 
magnetic pole faces arranged between the magnets 
and the target. Such magnetic coupling can be realized 
by supporting the first magnetic pole faces on the first 
magnets. Since the magnetic flux from the second parts 
passes through the interior of the first magnetic pole 
faces, the variation in the magnetic characteristics of the 
various magnets can be averaged, and the magnetic 
field in the regions between the magnets can be com- 
pensated. Similarly, the third parts of the multiple sec- 
ond magnets are magnetically coupled to each other via 
the second magnetic members an'anged between the 
magnets and the target. Such magnetic coupling can be 
realized by supporting the second magnetic pole faces 
on the second magnets. Since the magnetic flux from 
the third parts passes through the interior of the second 
magnetic pole faces, the variation in the magnetic char- 
acteristics of the various magnets can be averaged, and 
the magnetic field in the regions between the magnets 
can be compensated. Since the magnetic field is also 
guided between the various magnets with the aid of the 
first and second magnetic pole faces, the confinement 
of the plasma can be improved. 
[0046] In the magnetron of the present invention, 
the first magnet band may additionally have multiple 
third magnets. Also, the magnetron may have a second 
magnet band on the inside of the multiple third magnets. 
The second magnet band may have multiple fourth 
magnets. Each third magnet has a fifth part exhibiting 
the first magnetic pole and a sixth part exhibiting the 
opposed, second magnetic pole. The third magnets are 
arranged in the fomri of a ring with the fifth parts pointing 
to the target Each fourth magnet has a seventh part 
exhibiting the first magnetic pole and an eighth part 
exhibiting the opposed second magnetic pole. The 
fourth magnets can be arranged with the eighth part 
pointing to the target. Therefore, the third and fourth 
magnets are arranged with anti-parallel magnetic polar- 
ities. 

[0047] In the magnetron of the present invention, 
the first magnet band may have multiple fifth magnets. 
Also, the magnetron may have a third magnet band 
arranged outside the multiple fifth magnets. The third 
magnet part may have multiple sixth magnets. Each fifth 
magnet has a ninth part exhibiting the first magnetic 
pole and a tenth part exhibiting the opposed, second 
magnetic pole. The multiple fifth magnets are arranged 
with the ninth parts pointing to the target. Each sixth 
magnet has an eleventh part exhibiting the first mag- 
netic pole and a twetveth part exhibiting the opposed 
second magnetic pole. The sixth magnets can be 
arranged in the fomi of a ring with the eleventh parts 
pointing to the target. 

[0048] To achieve increased unifomiity, the sputter- 
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ing device of the present invention is equipped with a 
magnetron having the following form. The magnetron 
may have at least one first magnet assembly and multi- 
ple second magnet assemblies. The first magnet 

5 assembly is suitably arranged to specify the magnetic 
field to be formed near the rotation center. The multiple 
second magnet assemblies are positioned in one of the 
facing regions separated by a plane that includes the 
rotation shaft and are suitably arranged to form a ring- 

10 shaped pattern together with the first magnet assembly. 
[0049] In the magnetron, since the second magnet 
assemblies which are arranged In the form of a ring 
together with the first magnet assembly, are disposed in 
one of the facing regions, the magnet assemblies can 

15 be arranged in an appropriate pattern to realize the 
desired film thickness uniformity. Consequently, it is 
possible to form a suitable magnetic field for increasing 
the sputtering unifomnity of the consumable target sur- 
face and for improving the uniformity of film thickness. If 

20 the magnet assemblies can be suitably an^nged to 
reduce the region where the plasma is formed, the in- 
plane film thickness uniformity can be further improved. 
[0050] In the aspect of the invention for increased 
bottom coverage, the film-forming method of the 

25 present invention has the following steps: (1 ) providing a 
sputter reactor which is equipped with a first magnet set 
arranged with the first magnetic pole pointing to a target 
made of a prescribed material and a second magnet set 
arranged outside the aforementioned first magnet set 

30 with the second magnetic pole opposite the first mag- 
netic pole pointing to the target, where the magnetic flux 
density produced by the inner first magnet band is less 
than that produced by the second outer magnet band; 
(2) setting a substrate opposite the aforementioned tar- 

35 get; (3) supplying a sputter working gas such as argon 
to the vacuum chamber; (4) and forming a film made of 
a prescribed material on the substrate by depositing 
sputtered particles on the substrate. 
[0051] If the magnetron is prepared as described 

40 above, the electrons in the plasma can be efficiently 
confined to the plasma. Consequently, since the elec- 
tron density can be increased, the sputtered particles 
are more completely ionized. The ionized sputtered par- 
ticles are accelerated by an electric field toward the sub- 

45 strata. 

[0052] Since the plasma can be maintained even if 
the pressure of the working gas is reduced, then it is 
possible to reduce the pressure of the processing gas 
without adverse effects of extinguishing or destabilizing 

50 the plasma. Consequently, the probability that sputtered 
particles will collide with the atoms of the working gas 
can be reduced. Thus, the number of sputtered parti- 
cles traveling undetected from the target to the sub- 
strate can be increased. 

55 [0053] In the aspect of the invention for increased 
unifomnity, the film-forming method of the present inven- 
tion includes the following steps: (1) providing a sputter- 
ing device equipped with a magnetron which has 
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magnets arranged in one of the regions separated by a 
plane that includes the rotation central shaft of the mag- 
netron; (2) setting a substrate opposite the consumable 
surface of a sputtering target; (3) feeding a sputter 
working gas to the vacuum chamber; and (4) forming a 5 
film by depositing sputtered particles on the substrate 
while rotating the magnetron. 
[0054] Magnets are arranged in one of the regions 
of the magnetron divided by a plane perpendicular to 
the face of the target that includes the rotation shaft of 10 
the magnetron. In this way, a film can be deposited 
while controlling the sputtering. Since the sputtering 
uniformity of the consumable target surface can be 
improved and the region of the magnetic field can be 
reduced, the plasma region can be reduced. As a result, 15 
the electron density can be increased without increas- 
ing the input power. Ionization of the sputtered particles 
is increased by the increased electron density, and the 
ionized particles are accelerated toward the surface of 
the substrate. Consequently, most of the sputtered par- 20 
tides reach the region directly below the plasma region. 
[0055] The detailed embodiments of the present 
invention will now be explained with reference to the fig- 
ures. If possible, the same parts will be represented by 
the same reference numerals, and their repeated expla- 25 
nation will be omitted. 

[0056] Figure 1 is a schematic diagram Illustrating 
the configuration of one embodiment of a magnetron 
sputter reactor of the present invention. The sputtering 
reactor 10 includes a housing 14 forming a vacuum 30 
chamber and including within It a processing space 12. 
It also includes a target 1 6 which is suitably anBnged to 
seal the opening at the top of housing 1 4. Since both the 
housing 14 and the target 1 6 are made of an electrically 
conductive material, an electrically insulating isolator 35 
13a is sandwiched between the housing 14 and the tar- 
get 16. In the embodiment shown in FIG. 1, the housing 

14 has a circular bottom and a cylindrical sidewall which 
extends from the periphery of the circular bottom to a 
prescribed height. For example, the tubular part is 40 
shaped like a cylindrical shell. The target 16 is shaped 
like a disk. One circular surface 16a (refen^ed to as the 
bottom) of the target 16 is used as the consumable sur- 
face which is consumed by sputtering material from the 
target. 45 
[0057] A pedestal 1 8 is arranged in the processing 
space 1 2 within the housing 1 4 of the vacuum chamber. 

As a substrate support means (also called a substrate 
support part), the pedestal 1 8 is used to support a sub- 
strate 15 in the processing space 1 2. Consequently, the so 
pedestal 18 supports the substrate 15 to be processed, 
such as a semiconductor wafer W or a glass substrate. 
The top 1 8a of the pedestal 1 8 is set to face the bottom, 
consumable surface 16a of the target 16. The top, dep- 
osition surface 1 5a of the substrate 1 5 (wafer W) is held 55 
at a prescribed position on the pedestal 18 essentially in 
parallel to the bottom 1 6a of the target 1 6. The substrate 

15 is an^nged coaxially so that its center is aligned with 



the center of target 1 6. In order to improve the in-plane 
uniformity of the sputter deposited film, it is preferred 
that the center of the substrate coincides with the rota- 
tion center of the shaft 38 of the magnetron. In the 
present embodiment, the dimensions of the target 16 
and the distance between the pedestal 1 8 and the tar- 
get 16 can be the same as those of a conventional 
standard sputtering reactor. The spacing between the 
pedestal 18 and the target 16 should preferably be 
about 0.95 times the diameter of the substrate on which 
sputtered particles are to be coated, that is. about 
1 90mm for a 200mm wafer. This spacing corresponds 
to short throw sputtering. Longer spacings are some- 
times used to collimate sputter particles, particularly 
neutrals. 

[0058] In order to prevent the sputtered particles 
from reaching the inner wall surfaces of the vacuum 
chamber housing 14, the sputter reactor 10 includes a 
shield 26 to block the sputtered particles from reaching 
the inner wall surface. The upper end of the outer side 
of the shield 26 is sandwiched between the housing 14 
and isolator 13a and is fixed at and electrically 
grounded to the edge of the opening on the top of the 
housing 14. The inner side of the shield 26 reaches the 
side surface of the pedestal 18. The edge portion of the 
inner side is fixed through an insulating part 13b along 
the side surface of pedestal 18. Consequently, the 
shield 26 is electrically insulated from the pedestal 1 8. 
The pedestal 18 is connected to a reference potential, 
such as ground potential, through an isolation capacitor 
19, which allows the pedestal 18 to be used in a self- 
biased state having a self-bias voltage depending on 
the electrons supplied by the plasma. It can also be 
used in an RF-biased state by applying a high fre- 
quency via the isolation capacitor 19. In this case, a bias 
means known as RF-bias-application means, such as 
an RF power supply, is set between the capacitor 19 
and the reference potential. In either case, it is preferred 
that the pedestal 1 8 be negatively biased with respect to 
the plasma potential and be at a negative potential with 
respect to the grounded shield 26. 
[0059] An exhaust port 20 is formed in the housing 
14, In the present embodiment, a cryopump or other 
vacuum pump 21 is connected to the exhaust port 20, 
and the vacuum pump 21 is used to reduce the pres- 
sure of the vacuum chamber 12. The exhaust port 20 
and vacuum pump 21 constitute a decompression 
means. A processing gas such as argon as the sputter 
working gas or nitrogen as a reactive gas is fed into the 
vacuum chamber12 from a gas supply source 25 
through a supply port 22. The flow of gas through the 
supply port 22 can be metered with a mass flow control- 
ler 23. By opening or closing the mass flow controller 
23, it is possible to control the supply of the processing 
gas in terms of quantity and supply frequency. The sup- 
ply port 22 and the gas supply source 25 constitute the 
processing gas supply means. 
[0060] The cathode and anode of a target power 
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supply 24 are connected as a plasma forming means 
between the target 16 and the shield 26. When the 
argon working gas is supplied to the vacuum chamber 
12 and a negative voltage is applied between the target 
16 and the shield 18, a glow discharge occurs and the 
argon gas Is excited to form a plasma. When the posi- 
tive argon ions generated by the discharge collide with 
the bottom16a of the negatively charged target 16, the 
target atoms are ejected as sputtered particles. When 
the target atoms are deposited on wafer W, a film is 
formed on the wafer. 

[0061] A magnetron 30 is aranged on the surface 
of the target 16 opposite its bottom 16a, that is, above 
the top 16b of the target 16 outside the processing 
space 1 2. The magnetron 30 generates a magnetic field 
adjacent the bottom surfaces 16a of the target 16 and 
thus increases the plasma density near the consumable 
surface 1 6a of the target 1 6. 

[0062] The sputtering reactor 1 0 may include a con- 
troller 29 made up of microcomputers, timers, etc. that 
turn the current on and off and adjust the target current 
value and control the argon supply as well as other 
functions. The controller 29 is connected to the mass 
flow controller 23, the target power supply 24 and the 
drive motor 36 via control lines 29a. The controller 29 is 
able to control and interconnect these various devices. 
Consequently, the supply of processing gas, generation 
of the plasma with the processing gas, etc. can be con- 
trolled with the desired timing. 
[0063] Rgure 2 is a bottom plan view taken along a 
cross section along line 2-2 in FIG. 1 illustrating the 
position of each magnet of the magnetron. As shown in 
FIGS. 1 and 2, the magnetron 30 has a circular base 
plate 32, which is preferably non-magnetic, and multiple 
magnet assemblies 34 (alternately numbered as 34a or 
34b depending on distinctions to be made later) fixed in 
a prescribed pattern on a bottom loading surface 32a of 
the base plate 32. The base plate 32 is arranged on the 
opposite side of the target 1 6 with respect to the pedes- 
tal 18. A rotary shaft 38 of the drive motor 36 is con- 
nected to the center of the top of the base plate 32. 
Consequently, when the drive motor 36 is operated to 
rotate the base plate 32, each magnet assembly 34 
rotates along the top of the target 16. In this way, it is 
possible to rotate the magnetic field generated by said 
the magnet assembly 34 about the target 16, and the 
erosion of the target 16 is made more unlfonn. 
[0064] The magnet assemblies 34 are typically 
formed of a pair of magnets of opposed polarities, and 
the temninology of magnet pairs will hereafter be used 
even though a more general concept is retained. For 
example, a horseshoe magnet is equivalent to a magnet 
pair Including their yoke. As shown In FIG. 2, multiple 
magnet pairs 34 are arranged in the form of a ring. Each 
magnet pair 34 is suitably arranged with one magnetic 
pole (North or N pole in the example shown in FIG. 2) 
disposed on the outside of the ring and the other mag- 
netic pole (South or S pole) on the inside. The end por- 



tions of the same magnetic poles of the magnet pairs 34 
are respectively magnetically coupled through circum- 
ferentially extending magnetic members 48 and 50 
known as pole pieces. The pole pieces 48 and 50 (in 

5 FIG. 2, represented by broken lines because they over- 
lap the magnets) are band-shaped members which are 
anBnged In the fomi of a ring to connect the end por- 
tions of the various magnet pairs of the same magnetic 
polarity. An outside ring-shaped region and similarly 

w shaped inside region are formed on the consumable tar- 
get surface con*esponding to the magnetic fields gener- 
ated from the band-shaped pole pieces. In the outside 
ring-shaped region, for example, the lines of magnetic 
force generated by the magnet group (N poles of the 

75 magnet assemblies 34) on the outermost periphery 
extend into the vacuum chamber. Some of the lines of 
magnetic force point to the inside and pass through the 
interior ring-shaped magnetic field region and reach the 
magnet group on the inside (S poles of the magnet pairs 

20 34). 

[0065] The magnetic pole pieces 48 and 50 are 
ananged between the magnet pairs 34 and the sputter- 
ing target 16 to magnetically couple the two sets of 
respectively matched adjacent poles. As a result, the 

25 magnetic flux is also guided into the regions between 
the various magnets without magnets being present in 
the region. The magnetic flux generated by each mag- 
net can be averaged by the magnetic pole pieces and 
then applied to the sputtering target. Even if the mag- 

30 nets are arranged in a discrete and separated manner, 
a continuous magnetic field with a prescribed intensity 
can be formed with the aid of the magnetic pole pieces 
48 and 50. Consequently, the confinement ability of the 
plasma dependent on the magnetic field can be 

35 improved. Also, the variation (individual difference 
among the magnets) In the magnetic flux density 
between adjacent magnets can also be averaged. This 
factor also contributes to confinement of the electrons. 
[0066] The magnet pairs 34 of the magnetron 30 

40 may be distinguished between one or more first magnet 
pairs 34a and one or more second magnet pairs34b. 
Define an inside half-plane and an outside half-plane at 
the bottom surface 32a of the base plate 32 which are 
separated by a vertical plane perpendicular to the base 

45 plate 32 and containing the rotation axis 38. The vertical 
plane is oriented in such a way as to maximize the inclu- 
sion of the magnetron in the inside half-space and min- 
imize its inclusion in the outside half-space. The first 
magnet pairs 34a are used to generate the magnetic 

50 field near the rotation axis 38. Consequently, as will be 
explained below with reference to FIGS. 4-7. the mag- 
net assemblies 34 can be an^nged in one of the follow- 
ing ways: (i) the first magnet pairs 34a can be arranged 
in one of the half-spaces on the magnetron, but prefera- 

55 biy only partially in the outer half-space; (ii) the first 
magnet pairs 34a can be suitably arranged to cross the 
line of the plane and thus to occupy both the half- 
spaces; and (iii) the outside magnets of the first magnet 



8 



E P001067577A [http:/Avww.getthepatent.com/Log in.dog/$aschiavelH 



Page 9 of 33 



15 EP1I 

pairs 34a are arranged In the other region on the magn- 
etron separated by the plane that includes rotary shaft 
38. In each case, the second nriagnet pairs 34b, located 
within the inner half-space are suitably arranged to fonri 
a ring-shaped pattern together with the first magnet 
pairs 34a. Experiments performed by the inventors 
determined that particularly favorable results could be 
obtained with the arranges shown in FIGS. 4, 6, and 7. 
[0067] Alternatively expressed, the magnetron 30 
includes an outer ring-shaped magnet band an^nged 
with the first magnetic pole (N pole in the example 
shown In FIG. 2) pointing to the consumable target sur- 
face and a ring-shaped, enclosed inner magnet band 
arranged with the second opposed magnetic pole (S 
pole in the example shown in FIG. 2) pointing to the 
consumable surface. Preferably, the inner magnet band 
encloses an aperture of permanently magnetized mate- 
rial so the excess unbalanced magnetic field can flow 
through the aperture to reach the back of the weaker 
inner magnet band. The inner magnet band may include 
all of the magnets arranged inside and enclosed by the 
outer magnet band. The outer magnet band, for exam- 
ple, may be comprised of the magnet group on the out- 
ermost periphery, while the inner magnet band, for 
example, can be comprised of the magnet group inside 
the magnets on the outennost periphery. The intensity 
of each magnet band or magnet can be specified in 
such a way that the total magnetic flux (flux density inte- 
grated over the band surface) of the outer magnet band 
is greater than that of the inner magnet part. 
[0068] The inner magnet band is designed to pro- 
duce a total lower magnetic flux (magnetic flux density 
integrated over the area of the band) and is arranged 
inside the outer magnet band that produces a higher 
total magnetic flux. As a result, some of the lines of 
magnetic flux of the outer magnet band pass over the 
inner magnet band, pass through the radial Interior of 
the inner magnet band to the magnetic yoke, and are 
terminate in the outer magnet band. The remaining 
lines of the magnetic flux of the outer magnet band fonm 
a magnetic flux loop including the inner magnet band 
that is confined In the peripheral magnet band. Conse- 
quently, since the lines of magnetic flux that extend radi- 
ally beyond the vacuum chamber can be reduced, the 
ability of confining the electrons can be Improved. 
[0069] Figure 3 is a cross-sectional view illustrating 
an example of a magnet pair 34 that can be used in the 
sputter reactor 10 of FIG. 1. As shown in FIG. 3, each 
magnet pair 34 has a magnetic yoke 40 and cylindrical 
rod magnets 42 and 44. The yoke 40 is a plate-shaped 
member made of a prescribed magnetic material, for 
example a fen-omagnetic material. The rod magnets 42 
and 44 have their S poles at one end and their N poles 
at the other end. The outer rod magnet 42 is an^nged 
with the N-pole end pointed at target 16, while the inner 
rod magnet 44 is arranged with the S-pole end pointed 
at the target. Of course, these magnetic polarities can 
be reversed. Rectangulariy or otherwise shaped mag- 
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nets may be substituted for the rod magnets 42, 44. The 
S-pole end of the rod magnet 42 contacts the magnetic 
yoke 40 and is fixed at one end of the magnetic yoke 40. 
The N-pole end of the opposed rod magnet 44 also con- 

5 tacts the magnetic yoke 40 and is fixed at the other end 
of it. The two rod magnets 42 and 44 have respective 
magnetic polarizations pointing in anti-parallel direc- 
tions. The overall form of the magnet pair 34 resembles 
an inverted U. The free end of tfie rod magnet 42 is the 

10 N-pole end, while the free end of the other rod magnet 
44 is the S-pole end. Also, since the magnets 42 and 44 
and the magnetic yoke 40 form a magnetic circuit, they 
constitute a magnetic means which can function as an 
integral magnetic body with different magnetic poles 

15 pointing in the same direction. In this way, a magnetic 
field is fonned in the vacuum chamber to advanta- 
geously control confine the electrons 12. 
[0070] In the magnet pair 34, a first magnetic pole 
piece 48 is set at the free end N pole of each magnet 42 

20 included in the outer magnet band, while a similar sec- 
ond magnetic pole piece 50 is set at the free end S pole 
of each opposed magnet 44 included in the inner mag- 
net band. As explained above, the magnetic pole pieces 
48 are used to couple magnets 42 of one polarity in the 

25 magnetron, while the other magnetic pole pieces 50 are 
used to couple magnets 44 of the other polarity. 
[0071] In the embodiment shown in FIGS. 2 and 3, 
each magnet band has multiple magnets. However, 
either or both of the outer and inner magnet bands 

30 maybe formed of only one respective magnet. In this 
case, the total magnetic flux of the peripheral magnet 
band (magnet 42) is greater tiian that of the inner mag- 
net band (magnet 44). 

[0072] However, tiie forni of the magnet pair 34 is 
35 not limited to the example shown in FIG. 3. The magnet 
pair 34, now more properly called an assembly, may 
have even more magnets and magnetic members cou- 
pling or supporting the magnets. Also, the magnetic flux 
density of the magnet used in each magnet assembly 
40 34 is detennined relative to the magnetic field to be sup- 
plied at the an^ngement position of magnet pair 34. 
Consequently, the strengtfi of the magnets can be differ- 
ent. 

[0073] In the magnet assembly 34 shown in FIG. 3, 
45 the free ends of the magnets 42, 44 are suitably 
arranged to face tiie top of the target surface 16b which 
is opposite to the consumable target surface 16a. The 
magnet pair 34 is fixed on the base plate 32 by an 
appropriate fixing means, such as screws 46, with the 
50 back side of the yoke 40 in contact with the base plate 
32. In this way, the fixed position of the magnet assem- 
bly 34 on the base plate 32 can be changed as desired 
by reboring the base plate 32 and milling new pole 
pieces. Consequently the shape of the magnetic field 
55 can be easily adjusted by the rearranging the positions 
of the magnet assemblies 34. 
[0074] Figures 4-7 are diagrams illustrating a pre- 
ferred arrangement of the magnet pairs in sputtering 
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device 10, in which the magnet arrangements of FIGS. 
4, 6, and 7 are preferred. In each diagram, an outer 
magnet band 52 and an inner magnet band 54 are used 
in order to show the individual arrangement position of 
the multiple magnet pairs. These figures show the 5 
regions where the first magnetic pole pieces 48 associ- 
ated with the magnet band 52 and the second magnetic 
pole pieces 50 associated with the inner magnet band 
54 respectively project on the consumable target sur- 
face. Since the magnetron 30 is rotating about the cen- 
tral axis 38, the illustrated region shows the relative 
positional relationship between the magnet bands 52, 
54 and the target 1 6 at a certain point in time. 
[0075] As shown in FIGS. 4, 6, and 7, the inner 
magnet band 54 is ananged in one of the regions on 
magnetron 30 separated by the plane perpendicular to 
the target 16 and including the rotary shaft 38 (in the 
examples shown In FIGS. 4-7, the upper half of the 
regions separated by dashed line 56). This plane is the 
one extending the direction in along which the magnet- 
ron shape is symmetric. Alternatively stated, the plane 
is the one across which the magnetron is least symmet- 
ric. The outer magnet band 52 is arranged to surround 
the inner magnet band 54. 

[0076] In order to provide magnetic field near the 
center of rotation, the outer magnet band 52 is arranged 
to pass through or near the center of rotation 38. Thus, 
in the examples shown in FIGS. 4 and 7, the position of 
the outer magnet band 52 overlies the center of rotation 
38. In the embodiment shown in FIG. 6, both the outer 
magnet band 52 and the inner magnet band 54 are 
located within a single half-space separated by the 
plane 56. In this case as well, the outer magnet band 52 
is positioned so as to produce a desired magnetic field 
at a position on the target erosion surface coincident 
with the center of rotation 38. In FIG. 5, the outer mag- 
net band 52 is positioned to surround the center of rota- 
tion 38, that is, within the aperture inside of the outer 
magnet band 52. Additionally, the embodiment of FIG. 6 
produces better results than that of FIG. 5. 
[0077] In order to generate a magnetic field near 
the rotation center 38, the outer magnet band 52 is suit- 
ably arranged to pass through the rotation axis 38 or its 
vicinity. Therefore, in the an^ngements shown in FIGS. 
4-7, the outer magnet band 52 overlaps with the rotation 
axis 38. In the an^angement shown in FIG. 5, the posi- 
tion of the outer magnet band 52 is set to Include on its 
interior the rotation axis 38 on the inside. In this case, 
the peripheral magnet band 52 is suitably arranged to 
generate the desired magnetic field at a position on the 
consumable surface corresponding to rotation axis 38. 
The arrangement of FIG. 5 Is not the most prefen-ed 
one. In the an^ngement example shown in FIG. 6, both 
the outer magnet band 52 and the inner magnet band 
54 are arranged in one of the regions separated by 
dashed line 56. In this case, the outer magnet band 52 
is an^nged to generate the desired magnetic field at a 
position on the consumable surface conresponding to 
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rotation center 38. In either case, the magnetic field 
generated near rotary shaft 38 significantly contributes 
to the generation of the plasma and confinement of the 
electrons. 

[0078] In any of the embodiments of FIGS. 4 
through 7, the outer magnet band 52 either passes over 
the rotation center 38 or is separated from the rotation 
center 38 by a small distance equal to no more than 
10% of the usable radius of the target 16, that is, of its 
consumable surface 16a. Also, in the interest of a small 
magnetron and high target power density, the portion of 
the outer magnet band 58 closest to the rotation center 
38 passes no further than 15% of the usable target 
radius from the rotation center 38 on the side away from 
the major portion of the magnetron 30. Alternatively 
stated, the outer magnet band 52 (and thus the entire 
magnetron 30) principally lie in a half, semi-circular area 
of the target 1 6 having a boundary with the second half, 
semi-circular are along the dashed line 56. The outer 
magnet band 52 extends into the second half-space by 
no more than 15% of the target radius. 
[0079] For the outer magnet band 52 and the inner 
magnet band 54 shown in FIGS. 4 and 6, the width of 
the profile in the direction along axis 56 is longer than 
the length of the profile in the direction perpendicular to 
axis 56. That is, for a magnetron shape extending gen- 
erally along a radial direction from the rotation axis 38 to 
the periphery of the target 1 0, the shape follows an oval 
having a minor axis along the radial direction and a 
transverse major axis. On the other hand, for the outer 
magnet band 52 and inner magnet band 54 shown in 
FIG. 7, the width of the profile in the direction along the 
axis 56 is shorter than the length of the profile in the 
direction perpendicular to axis 56. That is, the oval mag- 
netron shape has a major axis along the radial direction 
and a transverse minor axis. The positional relationship 
the between the magnet band 52 and the rotary shaft 38 
shown in FIG. 7 can be applied in the same way to the 
illustrated magnet bands. 

[0080] It has been found that the magnet arrange- 
ments of FIGS. 4, 6, and 7 provide superior results over 
the arrangement of FIG. 5. That is, either the rotation 
axis 38 should be included on the inside of the outer 
magnet band 52 or the outer magnet band should pass 
over the rotation axis 38. In the latter case, preferably 
the outer magnet band 52 should not pass through a 
region of the half-space not containing most of the mag- 
netron by a distance of more than 10% of the target 
radius from the rotation axis 38 at the center of the tar- 
get. 

[0081] In FIGS. 4-7, the magnetic fields generated 
by the outer magnet band 52 and the Inner magnet 
band 54 are realized using at least one first magnet 
pairs (34a in FIG. 2), which can forni a magnetic field in 
the region including the rotation center 38, and multiple 
second magnet pairs (34b in FIG. 2) which are arranged 
in the form of a ring to generate a magnetic field in a 
region away from the rotation axis 38. The second mag- 
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net pairs 34b are arranged in one of the regions on the 
magnetron 30 separated by the plane that Inciudes the 
central shaft 38. Since the magnetron 30 is able to sup- 
ply a magnetic field to the areas slightly outside of the 
magnet bands 52 and 54 in addition to the outer and 5 
inner magnet bands 52. 54, and the region 58 between 
them, the plasma can be confined to these regions. 
[0082] The magnetrons 30 illustrated in FIGS. 4 
through 7 have generally oval shapes. However, the 
banded magnetron included within the invention may be to 
implemented with a circular shape, principally confined 
to one side of the rotation center 38 and rotating about 
it. Also, many of the advantages of the invention may be 
enjoyed with banded magnetrons having shapes of a tri- 
angle, an arced triangle, or a racetrack. Such shapes 15 
and other acceptable shapes have been described by 
Fu in U.S. Patent Application 09/249,468, filed February 
12, 1999, by Fu et al. in U.S. Patent Application 
09/546,798, filed April 11, 2000, and by Chiang et al. in 
U.S. Patent Application 09/414,614, filed October 8, 20 
1 999. All these patents are incorporated herein by refer- 
ence in their entireties. In the triangular and arced trian- 
gular magnetron, the apex of the triangle lies on or close 
to the rotation center and the opposed, possibly arced, 
side lies close to the periphery of the target 16. The 25 
racetrack magnetron includes two parallel sides rela- 
tively close to each other and running generally radially 
from near the rotation center 38 to near the periphery of 
the target 1 6. The parallel portions are joined by half-cir- 
cular portions near the center and periphery of the tar- 30 
get 16. In the banded magnetron, unlike those 
described in the cited patents, the inner pole is imple- 
mented as a magnet band having an enclosed aperture 
free of permanently magnetized material. 
[0083] Since the magnetron 30 rotates around the 35 
shaft 38 with respect to the center of the sputtering tar- 
get 16, the plasma region is able to pass almost uni- 
formly over the consumable target surface 16a even if 
the magnet pairs 34 are arranged as shown in FIGS. 4- 
7. Consequently, the sputtering uniformity on the con- 40 
sumable surface is increased even if the magnetic field 
forming region has a small and simple shape. Also, if 
the total magnetic flux of the outer magnet band is 
selected to be greater than that of the inner magnet 
band, the ability to confine the plasma can be improved. 45 
Consequently, the plasma can be maintained even if the 
pressure of the processing gas is reduced. 
[0084] However, the possibility is not excluded that 
the two magnetic flux densities are almost equal or have 
an opposite inequality relationship to the aforemen- so 
tioned setting. 

[0085] The electron density of the plasma is also 
Increased when the plasma is better confined. When 
the density of the confined electrons is increased, the 
ionization fraction of the sputtered particles is 55 
increased. Because the ionized sputtered particles are 
attracted in the direction of the substrate pedestal 1 8 fol- 
lowing the potential gradient across the plasma sheath 



adjacent the pedestal 1 8. the velocity component in this 
direction is increased. Consequently, the uniformity of 
film thickness and the bottom coverage can be 
improved. 

[0086] Also, since the magnets are arranged in 
about half of the region of the magnetron which in turn 
Is less than half of the usable target area, the high-den- 
sity plasma forming region can be reduced by adjusting 
the arrangement of the magnets of the magnets posi- 
tions. Since the target power is effectively concentrated 
in the smaller region, the plasma density can be 
increased without increasing the total target power. 
Since the electron density is increased when the 
plasma density is increased, ionization of the sputtered 
particles is increased. Since the ionized sputtered parti- 
cles are accelerated toward the surface of the substrate, 
the number of sputtered particles having their velocity 
component toward the substrate surface is increased. 
Consequently, most of the sputtered particles can reach 
the region directly below the plasma region to form a 
film in that region. Therefore, the uniformity of the film 
thickness can be improved. 

[0087] As shown in FIGS. 4, 6, and 7, the outer 
magnet band 52 is arranged on the periphery of an oval 
shape that constitutes a prescribed convex pattern. A 
convex pattern is a pattern such that a line segment that 
connects any two points on a closed line in a plane lies 
always on one side of the line or directly on the line. The 
pattern may comprised of a curve and possibly a 
straight line. In particular, a pattern comprising a closed 
curve is known as a convex curve. In a convex pattern, 
the straight line is tangent to the curve at the connection 
point of the curve and the straight line that constitute the 
pattern. In the present invention, the straight line and 
the curve are connected to each other smoothly. The 
shape of the magnetic field which confines the plasma 
in the configuration of FIGS. 4-7 or in triangular or race- 
track magetrons is specified as convex. The isomag- 
netic plane is a plane have the same magnetic 
magnitude, and the isomagnetic line is the intersection 
between the Isomagnetic plane and a plane parallel to 
the consumable surface. As a result of the convex mag- 
netic field, changes in the isomagnetic plane can be 
prevented. Consequently, the electrons in the plasma 
can be prevented from leaking away. 
[0088] By adjusting the shape of the isomagnetic 
plane (line) to promote electron confinement, the elec- 
tron density of the plasma can be increased. As a result, 
ionization of the sputtered particles can be increased. 
Since the ionized sputtered particles are accelerated 
toward the substrate, the velocity component in that 
direction is thereby increased. Also, If the pressure of 
the processing gas is reduced, the probability that the 
sputtered particles will collide with the atoms of the 
processing gas can be reduced. In this way. the number 
of sputtered partrcles with a velocity component in the 
direction perpendicular to the substrate can be 
increased. Consequently, the bottom coverage can be 
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improved by increasing the electron density. 
[0089] Also, the outer magnet band 52 shown in 
FIGS. 4-7 is an^nged along a prescribed closed curve. 
According to the present invention, for the illustrated 
oval magnetrons 30, the minimum radius of curvature of 5 
the closed curve is preferred to be at least 0.8 times the 
maximum radius of curvature, and the minimum radius 
of curvature of the convex curve is preferred to be at 
least 0.8 times the maximum radius of curvature. The 
preference includes the range between the radially flat- io 
tened oval of FIGS. 4,5, and 6 and the tangentially flat- 
tened oval of FIG. 7, including a circular shape. These 
ratios apply also the ratios of the minor axis to the major 
axis of a generally oval shape. A circle Is especially 
desirable due to its high symmetry and large minimum is 
curvature. 

[0090] In order to reduce the electron current flow- 
ing to the shield, studies were conducted examining the 
movement of electrons in an electromagnetic field. As a 
result, it was found that electrons cannot be well con- 20 
fined if the contours of the confining magnetic field var- 
ies significantly even if the magnitude of the magnetic 
field does not vary significantly. The motion of electrons 
in an electromagnetic field Is detemiined by a force in 
the direction of the electric field and a force related to 25 
the speed of the electrons and the direction of the mag- 
netic field. Electrons move along a curve along an elec- 
tric field and around a magnetic field line. As a result, for 
example, when the magnetic field varies significantly, 
the magnetron might not be able to generate a magnetic 30 
field of sufficiently intensity in the region where the elec- 
trons reach after their paths curve around the magnetic 
field. The magnetic field of a magnetron with excessive 
curvature may be unable to effectively confine the elec- 
trons that reach the aforementioned region, and the 35 
direction of movement of these electrons cannot be 
changed. As a result, the electrons are attracted by the 
electric field and flow into the field. 
[0091] For the magnetron 30 shown in FIGS. 4-7, it 
is clear that the magnets used for generating the mag- 40 
netic field should be suitably an'anged in consideration 
of the speed of the electrons (movement direction and 
velocity of the electrons), and a configuration that does 
not significantly change the contours of the magnetic 
field generated by the magnetron is realized. 4S 
[0092] Rgure 8 is a schematic diagram illustrating 
the magnetic field generated when magnet assemblies 
34 shown in FIGS. 2 and 3 arranged to fonn opposed 
magnet bands are used in the sputter reactor 10. Figure 
9 is a related schematic diagram illustrating the mag- so 
netic field generated in a sputter reactor 10a when the 
magnet assemblies 34 are arranged with different orien- 
tations exchanging the inner and outer magnet bands 
so that the inner magnet band has the higher magnetic 
strength. In FIGS. 8 and 9, the magnetic field generated 55 
by each magnet assembly 34 of magnetron 30 is repre- 
sented by broken lines. The magnetic field 6 generated 
by each sub-unit has one component (parallel compo- 



nent Bh) parallel to the consumable target surface 16a 
near the surface 1 6a and another component (vertical 
component By) in the direction of the axis (reference 
axis) 18 that points from the target 16 toward the sub- 
strate pedestal 18 in the space below the target 16. 
[0093] In the sputtering device shown in FIG. 8, the 
lines of magnetic force generated from poles of the 
strong outer magnets 42 of one polarity included in the 
outer magnet band (band 52 in FIGS. 4-7) extend 
toward the inside of the magnetron 30. pass through the 
interior of the magnetic band-shaped yoke 40 that form 
the magnetic circuit, and reach the poles of the opposed 
polarity of the outer magnets 42 through the yoke 40. 
The lines of magnetic force are closed to enclose the 
weaker inner magnets 44. Therefore, the magnetic 
fields generated from the outer magnets 42 point to the 
interior of the magnetron 30. As a result, the trajectories 
of the electrons point to the interior of the magnetron 30 
corresponding to the curvature of the magnetic fields. 
Consequently, the electron current flowing radially out- 
ward to the grounded shield 26 can be reduced. 
[0094] On the other hand, in a sputter reactor 10a 
shown in FIG. 9, the magnetic fields generated by the 
stronger inner magnet band (band 54) of FIGS. 4-7), but 
readjusted in relative strength to the weaker outer band 
52, are closed, they point to the outside of the magnet- 
ron 30, and they intercept the grounded shield 26. Such 
magnetic fields less effectively confine the plasma, 
since they leak electrons to the shield 26. 
[0095] Nonetheless, in a sputter reactor 1 0b shown 
in FIG. 1 0, the magnetic strengths of the inner and outer 
magnet bands 52, 54 are adjusted such that, even 
though the inner magnet band 54 of FIGS. 4-7 is 
stronger, the magnetic fields generated by the Inner 
magnet band 54 point to the outside of the magnetron 
30 but are closed and do not pass through the grounded 
shield 26. Both of the magnetrons 30a, 30b shown in 
FIGS. 8 and 10 can be used in the sputter reactor of the 
present invention. However, the magnetron which has a 
stronger outer magnet band and generates the mag- 
netic field shown in FIG. 8 is more suitable for increas- 
ing the electron density of the plasma. 
[0096] As explained above, the magnetron 30 is 
arranged in the form of a closed ring, and also both the 
opposed north and south poles are arranged in the form 
of respective rings with and included region free of mag- 
netic material. However, it is also possible to fomn the 
magnetron in the form of multiple rings. In either case, a 
magnetic field is confined, and the electron density can 
be increased by the effect of the magnetic field. 
[0097] Also, in the explanation made for the sputter 
reactor 10 of the present invention, the arrangement of 
the magnetic bands is principally limited to the half- 
region of the magnetron 30. The present invention, how- 
ever, Is not limited to this arrangement. Figure 1 1 is a 
plan view, along a cross section con'esponding to cross 
section line 2-2 in FIG. 1 illustrating a different arrange- 
ment of magnet pairs 34. Various types of arrangement 
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of magnet pairs 34 have been considered. In the 
present embodiment, as shown in FIG.11, the magnet 
pairs 34 can also be arranged in the fonn of a double 
ring. The magnet pairs include inner ring-shaped mag- 
net pairs 34o arranged to form ring-shaped bands 64 5 
and 66 and outer magnet pairs 34^ an'anged to fonn 
ring-shaped bands 60 and 62. The magnet pairs 34j and 
34o are able to control the plasma fomned in spaces 68 
and 70 between the magnet bands by forming magnetic 
fields in the space near the bottom 1 6a of the target 1 6. 10 
[0098] In the arrangement of magnet pairs 34]^ 34o 
shown In FIG. 11, the outemiost magnet part forms a 
ring-shaped magnet band 60, while the inner magnet 
parts form ring-shaped magnet bands 62, 64, and 66. In 
this case, the total magnetic flux of the inner magnet is 
bands 62, 64, and 66 can be derived by summing the 
magnetic flux of the magnetic poles different from those 
of outermost magnet band 60 with respect to the target 
and subtracting the magnetic flux of the same magnetic 
poles as the peripheral magnet part. For the inner ring- 20 
shaped magnet group, it is also possible to adopt a con- 
figuration comprising the outer magnet band 64 and the 
inner magnet band 66. Similarly, in the outer magnet 
group, it is also possible to adopt a configuration com- 
prising the outer magnet band 60 and the inner magnet 25 
next band 62. In either case, a closed magnetic field is 
formed inside, and the electron density can be 
increased by this magnetic field. 
[0099] In the sputtering device explained above, 
each magnet pair 34 controls the shape of the magnetic 30 
field B formed in the processing space in the vacuum 
chamber (refen-ed to as sputtering space hereinafter) 
between the consumable target surface 1 6a and the top 
1 8a of the pedestal 1 8. A suitable magnetic field for con- 
fining electrons in the sputtering spaced can be gener- 35 
ated by these magnets. Since the magnetron 30 is 
rotated by the drive motor 36, the magnetic field gener- 
ated by each magnet pair 34, 34j and 34o actually 
rotates at a speed in the range of 60-100 rpm around 
the axis of the drive shaft 38. As a result, the consume- 40 
ble target surface 16a can be sputtered nearly uni- 
formly. The material of the target used in sputtering 
device 10) disclosed in the present embodiment is not 
limited to copper (Cu). It is also possible to use titanium 
(Ti), aluminum (Al), or their alloys. Alloying is typically 45 
limited to 10 atomic %. 

[0100] When the processing gas is ionized near the 
consumable target surface 1 6a, particles are sputtered 
from the consumable surface 16a of target. If the mag- 
net pairs 34 are arranged as shown in FIGS. 2 and 4-7, so 
the sputtering uniformity of consumable surface 16a 
can be increased. Also, if the region where the plasma 
Is generated Is reduced, the plasma density can be 
increased without an increase in target power. As a 
result, the electron current density can be increased, ss 
Consequently, ionization of the sputtered particles can 
be increased. The ionized sputtered particles are accel- 
erated toward substrate support part 18. As a result, the 



velocity component perpendicular to the substrate W 
becomes relatively large with respect to the velocity 
component parallel to the substrate, and the bottom 
coverage is thereby improved. 
[0101] Also, when the velocity component perpen- 
dicular to the substrate is increased, a film can be 
fomried directly below the rotating magnetron 30. Con- 
sequently, the non-uniformity of the film thickness due to 
the sputtered particles which are incident from an 
oblique lateral direction of the substrate surface can be 
reduced. Such non-unifomriity results from a peripheral 
substrate position seeing less of ttie target in a wide- 
angle view than does a central substrate position. 
[0102] Figure 12 shows a sputtering reactor 11 
according to a different embodiment which is more eas- 
ily manufactured and provides additional flexibility in 
design. In the sputtering reactor, it is possible, although 
not necessary to use the same parts as those with the 
same reference numbers appearing in the sputtering 
reactor 10 in FIG. 1. In FIG. 12, a magnetron 31 is used 
instead of the magnetron 30 of FIG. 1. Figure 13 is a 
plan view illustrating a radially flattened oval anange- 
ment for the magnetron 31 , while FIG. 1 4 is a plan view 
illustrating an alternative round anangement. 
[0103] With reference to FIGS. 12, 13, and 14, the 
magnetron 31 includes a base plate 33, a magnetic 
cover 41 placed on a placement surface 33a of the base 
plate 33 and made of magnetic yoke material, and a plu- 
rality of magnets 43a, 43b placed in a designated 
arrangement on the placement surface 41 a of the mag- 
netic cover 41 . The base plate 33 supports the magnetic 
cover member 41. Hence, the magnetic member 41 
rotates along with the rotation of the rotational shaft 38 
provided in the center of the top surface of the base 
plate 33. Preferably, the base plate 33 is formed with a 
rectangular tab 33 on the side near the target center 38, 
thereby providing additional mechanical strength and 
some counterisalancing. 

[0104] In FIG. 12. the base plate 33 and magnetic 
cover 41 are illustrated as separate parts, but if the base 
plate itself is composed of magnetic yoke material, then 
the base plate can serve both functions, which is favora- 
ble, and the magnetic cover can be eliminated. 
[01 05] The sputter target 1 6 is arranged so that the 
substrate supporting surface 18a of the support pedes- 
tal 18 opposes the erosion surface 16a of the target 16. 
The magnetron 31 has a first and magnet portions dis- 
posed on an opposite side of the target 1 6 with respect 
to the support pedestal 1 8 so as to generate a magnetic 
field inside the vacuum chamber. 
[0106] In the radially flattened oval anangement of 
FIG. 13, a plurality of magnets 43a of one magnetic 
polarity are ananged along a first annular member 47, 
each of these magnets 43a having one magnetic pole 
(the north (N) pole being illustrated in FIG. 13) facing 
the target 16 and the other magnetic pole (the S-pole in 
FIG. 13) facing the magnetic cover 41. Additionally, a 
plurality of magnets 43b of the other magnetic polarity 
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are arranged along the second annular member 49, 
these magnets having one magnetic pole (the S-pole) 
facing the target 16 and the other magnetic pole (the N- 
pole) facing the magnetic cover 41 . In the embodiment 
of FIG. 1 3, the first and second annular members 49, 49 5 
have oval shapes which are radially flattened with 
respect to the center 38 of the target 16. That it, they 
have minor axes extending along the target radius and 
major axes transverse to that radius. Also, the first 
annular member 47 encloses the second annular mem- 
ber 49 and extends from the target center 38 to its 
periphery. Alternatively, in the embodiment of FIG. 14, 
the first and second annular members member 47, 49 
are both shaped as circles, that is, ovals with equal 
major and minor axes, and the magnets 43a, 43b are 
similarly arranged in circles. 

[0107] The first and second annular members 47, 
49 can be magnetic members such as pole pieces. In 
this case, the bottom ends of the magnets 43a having 
the same first magnetic polarity are magnetically cou- 
pled by the first annular member 47, and the bottom 
ends of the magnets 43b of the second magnetic polar- 
ity are magnetically coupled by the second annular 
member 49. 

[0108] In the magnetron 31 of either FIG. 13 or 14, 
all of the magnets 43a, 43b form a single magnetic cir- 
cuit by means of the magnetic cover 41 (or magnetic 
support plate 31) and the pole pieces 47, 49. 
[0109] In either magnetron 31, the magnetic cover 
41 has a placement surface 41 a which is larger than the 
size of a substrate, e.g. the diameter of a wafer. The 
magnetic cover 41 is placed between all of the magnets 
43 and the base plate 33. Additionally, the magnetic 
pole pieces 47, 49 are placed between alt of he mag- 
nets 43a, 43b and the target 1 6. As a result, a magnetic 
field from the annularly arranged magnets is applied to 
the target 1 6 through the magnetic pole pieces 47, 49. 
[0110] That is, the magnetic members 41, 47 and 
49 function as a combined magnetic coupling means. 
The magnetic cover 41 magnetically couple the N poles 
(first magnetic pole) of a plurality of first magnets 43a 
included in an outer array with the S poles (second 
magnetic pole) of a plurality of second magnets 43b 
included in an inner an^y, The outer magnetic pole 
piece 47 magnetically couples together the N poles of 
the plurality of first magnets 43a included in the outer 
array, and the inner magnetic pole piece 49 magneti- 
cally couples together the S poles of the plurality of sec- 
ond magnets 43b included in the outer array That is, 
this magnetic coupling means has means for magneti- 
cally coupling the S poles of a plurality of first magnets 
with the N poles of a plurality of second magnets, 
means for magnetically coupling together the N poles of 
a plurality of first magnets or means for magnetically 
coupling together the S poles of a plurality of second 
magnets. 

[0111] The magnet anrangements of FIGS. 4, 6 and 
7 can likewise be applied to the sputtering apparatus 



11. As a result, a variety of desired effects can be 
obtained. In the respective drawings, the outer magnets 
43a situated along the first annular member 47 con-e- 
spond to the outer magnet portion 52, and the inner 
magnets 43b situated along the second annular mem- 
ber 49 correspond to the inner magnet portion 54. 
[0112] In the sputtering apparatus 1 1 , it is possible 
to use separate magnets having a designated and set 
magnetic force for each of the plurality of magnets 43a, 
43b positioned along the first and second annular mem- 
bers 47, 49. By employing identical separate magnets, 
the total magnetic force of the magnet portion com- 
posed of the first annular band and the magnet portion 
composed of the second annular band can be deter- 
mined simply from the number of magnets, thus ena- 
bling the overall magnetic ratio to be readily set. 
[0113] The magnetron 31 is such that the place- 
ment surface 33a of the base plate 33 has, for example, 
a first and second half-space separated by a plane con- 
taining the central axis 38 of rotation 38, the inner mag- 
net band being provided in the first half-space and the 
outer magnet portion being provided either on the bor- 
der between the first and second half-spaces or in the 
first region. 

[0114] In the magnetron 31, the inner magnet band 
should preferably be completely located in the first half- 
space and the outer magnet portion located so as to 
pass through the border between the first and second 
regions and in the first region. Additionally, the outer 
magnet band may pass through a position correspond- 
ing to the center of rotation 38. In particular, in the 
embodiment shown in FIG. 12, the region between the 
outer and inner magnetic pole piece 47, 49 overlaps 
only with the first half-space. 

[0115] According to this magnet arrangement, it is 
possible to reduce the region on the target erosion sur- 
face 16a on which the plasma is formed. Since power 
can be applied to a smaller region of the target in this 
way, the plasma density can be raised without increas- 
ing the applied power. When the plasma density rises, 
the electron density also increases, thus promoting the 
ionization of sputtered particles. Since the ionized sput- 
tered particles accelerate toward the substrate surface, 
a large number of sputtered particles having velocity 
components in the direction of the substrate surface are 
generated. Therefore, the sputtered particles mainly 
reach a location directly under the plasma region, 
thereby promoting film formation in this reached region. 
Thus, the uniformity of the film thickness can be 
increased while also improving the bottom coverage. 
[0116] In the sputtering apparatus 11, the magnet 
bands can be positioned so as to provide a magnetic 
field along their respective closed lines. Near the ero- 
sion surface 16a, plasma is generated in the region 
between the closed lines. That is, the shape and area of 
the region in which the plasma is generated is defined 
by the two closed lines. The closed lines may be closed 
curves. Additionally, the closed tines are preferably cen- 
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vex curves. These curves can be provided in the first 
region of the magnetron, or may pass through the 
center of rotation 38. 

[0117] Additionally, in the magnetron 31, when the 
outer magnet band is located on the outer peripheral 5 
line of a designated convex shape, the shape of the 
magnetic field contributing to the generation of plasma 
is defined by this convex shape. The range of change in 
the curvature of the isomagnetic lines based on this 
closed convex line which is the outer perimeter line of io 
the convex shape can be made smaller than the range 
of change in the curvature of the closed curve. As a 
result, the leakage of electrons from the plasma is 
reduced, and electrons can be confined efficiently 
[0118] When the electron density increases, the 75 
ionization of sputtered particles is promoted, and the 
ionized sputtered particles are accelerated in the direc- 
tion of the substrate, so that the velocity component In 
this direction becomes large. Additionally, when the 
electron density in the plasma increases, the pressure 20 
of the processing gas may be reduced. By reducing the 
pressure, the probability of collision between the sput- 
tered particles and processing gas can be lowered, thus 
increasing the number of sputtered particles having 
velocity components in a direction perpendicular to the 25 
substrate. Due to these reasons, the bottom coverage is 
improved. The outer magnet portion should preferably 
be composed of magnets arranged on the outennost 
perimeter. As a result, electrons can be confined to 
inside the outermost magnet portion. 30 
[0119] Figure 15 schematically illustrates the mag- 
netic field generated by the magnetron 31 when the 
total magnetic force of the inner magnet band is smaller 
than the total magnetic force of the outer magnet band. 
On the other hand, FIG. 1 6 schematically illustrates the 35 
magnetic field generated by a magnetron when the rela- 
tionship between total magnetic force is the opposite to 
that of FIG. 15. In FIGS. 15 and 16, the magnetic fields 
generated by the magnetron 31 are indicated by dashed 
lines. 40 
[0120] In the sputtering apparatus of FIG. 15, the 
magnetic force lines from the N poles of the outer mag- 
nets 43a contained in the outer magnet band (52 in 
FIGS. 4, 6 and 7) extend toward the center of the mag- 
netron 31 . A portion of the magnetic field reaches the S 45 
poles of the inner magnets 43b, passing through the 
magnetic cover 41 (or magnetic support plate 33) and 
closing to fonn a magnetic circuit. The remaining mag- 
netic field extends toward the center of the magnetron 
31 to near the central axis, then changes directions in so 
this axial direction to extend to the opposite side of the 
magnetron 31. Hence, the magnetic field from the outer 
magnets 43a faces toward the inside of the magnetron 
31 near the erosion surface 16a. Depending on the cur- 
vature of the magnetic field, the direction of movement 55 
of the electrons turns to the inside of the magnetron. For 
this reason, the flow of electrons to the shield 26 can be 
made small. 
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[0121] On the other hand, in the sputtering appara- 
tus of FIG. 1 6, the magnetic field generated by the inner 
magnet portion faces the outside of the magnetron 30 
and passes through the grounded shield 26. Hence, the 
action of the magnetic field to confine the plasma away 
from the shield 26 is weak. 

[0122] In a sputtering apparatus such as explained 
above, the magnetrons 30, 31 respectively control the 
shapes of the magnetic fields B formed in the space 
(hereinafter referred to as sputtering space) inside the 
vacuum chamber 12 between the erosion surface 16a 
and the top surface 1 8a of the pedestal 1 8. The magne- 
tron 30 or 31 generates a magnetic field suitable for 
confining electrons in the sputtering space. The magne- 
trons 30, 31 are rotated by a drive motor 36, so that the 
magnetic field generated by the magnets is rotated at a 
frequency, e.g. of about 60-1 00 times per minute around 
the drive shaft 38 in the actual sputtering apparatus 1 0, 
11. 

[0123] A more specific and prefen-ed embodiment 
of the invention is illustrated in the orthographic view of 
FIG. 17. In conjunction with FIGS. 14, a magnetron 11 
includes the magnetic baseplate 33 rotating about the 
central axis 38 and magnetic pole pieces 47, 49 sand- 
wiching the magnets 43a, 43b, all in the shape of cylin- 
drically shaped rods. An outer alignment belt 80 and an 
inner alignment belt 82 of non-magnetic materials each 
have a plurality of respective alignment holes 84 and 86 
to align and hold therein the magnets 43a, 43b. The 
illustrated alignment belts 82, 84 are circular, but they 
may be oval, as in FIG, 13. Fasteners 88 fix the align- 
ment belts 82, 84 to the base plate 33, and unillustrated 
fastening means such as screws fix the pole pieces 47, 
49 to the base plate 33. The magnetic baseplate 33. the 
magnets 43a, 43b, and the magnetic pole pieces 47, 49 
are magnetically coupled together to form a magnetic 
circuit 

[0124] A variant of the embodiment of FIG. 17 has 
a magnet an-angement illustrated in the bottom plan 
view of FIG, 18. This embodiment uses two sizes of 
magnets. A first size, used for the tangentiaily disposed 
outer magnets 43a and the inner magnets 43b, has a 
large diameter, for example, 1 .7cm, while a second size, 
used for radially inward outer magnets 43 has a smaller 
diameter, for example 1 .4cm. The heights of the two 
sizes of magnets is the same, for example, 3.3cm. The 
large sized magnets, made of NdFeB, produce a mag- 
netic field of approximately 1 50 to 200 gauss at a loca- 
tion 2 cm from the end of the large magnet. The 
corresponding magnetic field for a small magnet is 
1 .4/1 .7 or 82% of this value. The magnet material may 
alternatively be SmCo, AINiCo or fem'te. 
[0125] As illustrated in FIG. 18, six large magnets 
43a of a first magnetic polarity are disposed on the 
outer pole piece 47 near the periphery of the target 1 6 
away from the target center and eighteen nine small 
magnets 43c of the first magnetic polarity are disposed 
on the outer pole piece 47 closer to the target center 38, 
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nine smalt magnets 43c being disposed on each side of 
the six large magnets 43a. The magnets 43a, 43c are 
arranged in a circular pattern. On the other hand, ten 
large magnets 43b of a second magnetic polarity are 
disposed on the inner pole piece 49 in an oval pattern. 5 
A non-magnetic alignment collar holds all the magnets 
43a, 43b, 43c at their respective positions. A circularly 
shaped annular magnetic pole piece is attached to the 
outer magnets 43a, 43c, while an ova! shaped pole 
piece having no aperture is attached to the inner mag- w 
nets 43b to accommodate the arrangement of the inner 
magnets In a radially flattened oval shape. The combi- 
nation of circular outer magnet band and oval inner 
magnet area results in a non-constant gap. 
[01 26] The location of the larger outer magnets 43a 15 
near the target periphery is advantageous in two 
respects. The stronger magnetic imbalance near the 
target periphery creates a stronger magnetic field 
extending parallel to the grounded shield, thereby 
reducing the plasma leakage to the shield. Also, the 20 
magnetic field is more strongly confined to the region of 
the magnetron near the target periphery and away from 
the target center, thereby reducing the effective area of 
the magnetron and increasing the effective target power 
density and also reducing the sputtering rate at the tar- 25 
get center, which is always be sputtered as the magne- 
tron is rotated. 

[0127] When the processing gas from the magnet- 
rons 30, 31 is excited into a plasma near the erosion 
surface 16a, sputtered particles from the erosion sur- 30 
face 16a of the target 16 are formed. By employing an 
arrangement of the magnetron such as in FIGS. 2, 4, 6, 
7, 13, and 14, it is possible to lower the pressure 
required to maintain a plasma. Additionally, it is possible 
to raise the plasma density by reducing the region in 35 
which the plasma is generated. As a result, the electron 
cun'ent density can be increased. As a result, the ioniza- 
tion of sputtered particles Is promoted. The ionized 
sputtered particles are accelerated in the direction of 
the substrate support pedestal 1 8. Consequently, the 40 
velocity component along the direction of the axis inter- 
secting the substrate W become larger than the velocity 
component in the direction perpendicular thereto, 
thereby improving the bottom coverage. Additionally, 
when the velocity component perpendicular to the sub- 45 
strate W becomes larger, film fonnation progresses 
directly underneath the area where the rotating magne- 
trons 30, 31 pass, so that a film with good bottom cover- 
age is formed. 

[0128] In a sputtering apparatus of this type, so 
according to results of experiments perfomried by the 
inventors, a film thickness unifomriity of at least 1 0% in a 
conventional apparatus was reduced to 5% or less by 
applying the present invention. Here, the film thickness 
uniformity can be defined as the difference between the 55 
maximum and minimum measured film thickness 
divided by twice the average film thickness. 
[0129] According to experiments performed by the 



30 

inventors on the sputtering apparatus mentioned above, 
it is preferable to set the total magnetic flux of the outer 
magnet portion to 1 .5 times the total magnetic flux force 
of the inner magnet portion for practical purposes. In the 
case where the magnets are of the same magnetic 
composition, the ratio of magnetic flux can be deter- 
mined by the ratio of total cross-sectional areas of the 
oppositely polarized magnets. 

[0130] Figure 19 shows the experimental results 
which plots the uniformity of (sheet resistance) on 
the vertical axis against the total magnetic imbalance on 
the horizontal axis, that is, the total magnetic flux ratio 
between the outer and inner bands. The sheet resist- 
ance Rs is closely related to the film thickness so the Rg 
uniformity substantially equals the thickness uniformity. 
[0131] These measurements were performed 
under the following conditions: 

Target: Ti 

Power 12kW 

Pressure: 6.67 x 10*^ Pa (0.5 ml) 

Film Thickness: 1 00 nm 

[0132] According to FIG. 1 9, there is a tendency for 
the Rs uniformity to worsen if the total magnetic flux 
ratio is less than 1.5, whereas the Rg unifonnity is 
improved as the total magnetic flux ratio increases when 
the total magnetic force ratio is 1 .6 or more. 
[0133] Additionally, as far as the inventors are 
aware, conventional sputtering apparatus are not capa- 
ble of maintaining a plasma if the pressure of the 
processing gas is 0.05 Pa (0.375 mTorr) or less. How- 
ever, in a sputtering apparatus such as that described 
above, the minimum discharge maintaining pressure 
was able to be lowered to 0.02 Pa (0.1 5 mTorr). At such 
a low pressure, the bottom coverage was increased to 
at least 1 .5 times that in conventional devices. 
[0134] As described above, Figs. 2, 4, 6, 7, 13, and 
14 show magnet arrangements which are applicable to 
the first and second embodiments. In these arrange- 
ments, the magnet portions, for example the magnet 
portion 52 is provided in the form, for example, of a pole 
piece along a designated closed curve. 
[0135] In this type of magnetron, the inventors 
believe that it is favorable for the minimum radius of cur- 
vature of the closed curve to be at least 0.8 times the 
maximum radius of curvature, and the minimum radius 
of curvature of the convex curve to be at least 0.8 times 
the maximum radius of curvature. If outer magnet por- 
tions are arranged along the designated closed curve, 
the shape of the magnetic field contributing to the gen- 
eration of plasma is defined by this closed curve. Since 
isomagnetto lines curve within the range of the above- 
described radii of curvature, the leakage of electrons 
from the plasma which may curve due to isomagnetrc 
lines will be reduced. The inner magnets can obtain 
even more favorable results if fulfilling the conditions for 
radius of curvature described above. In particular, the 
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circular magnet arrangement shown in FIG. 14 gives the 
best results. 

[0136] In a sputter reactor with a conventional mag- 
netron, the variation in film thicl<ness is usually 10% or 
higher. According to the results of the experiments car- 
ried out by the present inventors, however, with the 
magnetron of the present invention, the variation in film 
thicl^ness can be improved to 5% or less. In this case, 
the variation in film thlcl<ness is defined as the differ- 
ence between the measured value at the thicl<est point 
and measured value at the thinnest point divide by half 
the average of the film thickness. 
[0137] According to the experiments carried out by 
the present Inventors, it is prefen-ed to set the total mag- 
netic flux of the magnet band to be at least 1.5 times 
that of the inner magnet band for practical usage. 
[0138] To the best knowledge of the present inven- 
tors, in a conventional sputtering device, the plasma 
cannot be maintained when the pressure of the 
processing gas drops to 0.05 Pa (0.375 mton-) or less. In 
the aforementioned sputtering device, however, the low- 
est pressure required for maintaining plasma discharge 
can be reduced to 0.02 Pa (0.15 mtorr) or less. At such 
low pressures, the bottom coverage can be improved by 
at least 1 .5 times compared with the conventional case. 
[0139] A film-fonning method suitable for the afore- 
mentioned sputtering device can be carried out in the 
following sequence. First, a sputtering device equipped 
with a first magnet part arranged with the first magnetic 
pole aimed at a target made of a prescribed material 
and a second magnet part arranged outside the afore- 
mentioned first magnet part with the second magnetic 
pole aimed at the target is prepared. The magnetic flux 
density of the peripheral magnet part is greater than 
that of the inner magnet part. Then, a substrate is suita- 
bly an^nged to face the target A working gas is then 
supplied to the vacuum chamber to generate a plasma 
the plasma sputters particles from the target. The sput- 
tered particles are deposited on the substrate to form a 
film made of a prescribed material. When the particles 
generated by means of sputtering are deposited 
sequentially on the surface of the substrate, a film with 
good bottom coverage can be formed on the substrate. 
The method also may be practiced in a sputtering 
device equipped with a magnetron having magnets 
arranged in one of the regions divided by a plane that 
includes the rotary shaft of the magnetron. 
[0140] A magnetic field is fonned in the central 
region and one of the regions of the consumable sur- 
face that is divided by a plane that includes the rotation 
central shaft of the magnetron, and a film is formed 
when the magnetron is rotated to move the magnetic 
field over the consumable target. As a result, the sput- 
tering uniformity of the consumable surface can be 
increased, and the region where the magnetic field is 
formed can be reduced. Consequently, the plasma 
forming region Is reduced. In this way, the electron den- 
sity can be increased without increasing the input 



power. The ionization of the sputtered partrcles is 
increased by the increased density of electrons, and the 
ionized particles are accelerated toward the surface of 
the substrate. Consequently, most of the sputtered par- 

5 tides reach the region directly below the plasma region. 
[0141 ] If the aforementioned magnetron is prepared 
as described above, the electrons in the plasma can be 
efficiently confined by the electron-trapping effect of the 
magnetic field. As a result, the electron density can be 

10 increased. When the electron density is increased, the 
sputtered particles are more readily ionized. Since the 
ionized sputtered particles are accelerated by the elec- 
tric field, the number of sputtered particles that move 
toward the substrate is increased. Consequently, most 

15 of the sputtered particles reach the substrate directly 
below the plasma region. Therefore, the film thickness 
uniformity can be improved. 

[0142] Also, since the pressure of the working gas 
can be reduced, the vacuum level within sputtering 

20 space can also be reduced by as much as the partial 
pressure equivalent to the reduced flow rate of the 
working gas. As a result, the frequency of collision of the 
working gas particles with the sputtered particles can 
be reduced. Therefore, the bottom coverage rate can be 

25 further improved. 

[0143] As explained in detail above, according to 
one aspect of the present invention, the magnetron has 
a first magnet band and a second magnet band suitably 
arranged to generate a magnetic field in the vacuum 

30 chamber. The second magnet band is arranged outside 
the first magnet band, and the total magnetic flux of the 
first, inner magnet band is less than that of the outer, 
second magnet band. 

[0144] Since the first magnet band that produces a 

35 lower magnetic flux density is an-anged to the inside of 
the second magnet band that produces a greater mag- 
netic flux, some of the lines of magnetic flux of the outer 
second magnet band reach over the inner first magnet 
band, pass through the interior magnet-free of the outer 

40 first magnet band, and, after passing through the mag- 
netic yoke, are confined in the second magnet band. 
The remaining lines of magnetic flux of the second mag- 
net band form a magnetic flux loop that enclose the first 
magnet band and terminates at the second magnet 

45 band. Consequently, since the magnetic flux that 
extends to the outside of the vacuum chamber can be 
reduced, the electron-confining ability can be improved. 
By using the film-fonning method of the present inven- 
tion, a film can be fomied after a magnetic field with 

50 excellent electron-confining ability is generated. Conse- 
quently, the present invention provides a sputtering 
device and a film-forming method which can improve 
bottom coverage. 

[0145] Further as explained above, according to 
55 another aspect of the present invention, a magnetron is 
arranged with a region facing the sputtering target The 
magnetron has a magnet band arranged in one of the 
facing regions that is divided by a plane that Includes 
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the rotary shaft. The drive means uses a shaft that 
passes through a prescribed point on the aforenien- 
tloned consumable surface as the rotation center and is 
able to rotate the aforennentloned magnetron relative to 
the sputtering target. Since the magnet band is 
arranged in one of the facing regions in the sputtering 
device, the shape of the region where the magnetic field 
is to be fonned can be simplified, and the sputtering uni- 
formity on the consumable surface as well as the uni- 
formity of the film thickness can be guaranteed. Also, 
since the magnet band can be arranged in one of the 
separated facing regions, the sputtering uniformity can 
be increased, and the region near the consumable tar- 
get surface where the plasma is formed can be 
reduced. Since power can be applied to the reduced 
region, the plasma density can be increased without 
raising the Input power. When the plasma density is 
increased, the electron density is also Increased. As a 
result, the ionization of the sputtered particles can be 
increased. Since the ionized sputtered particles are 
accelerated toward the surface of the substrate, the 
number of sputtered particles having a velocity compo- 
nent In the direction of the surface of the substrate can 
be Increased. Consequently, most of the sputtered par- 
ticles reach the region directly below the plasma region, 
and a film can be formed In the region reached by the 
electrons. Therefore, the uniformity of the film thickness 
and the bottom coverage can be Improved. According to 
the film-forming method of the present invention, a film 
can be formed with a magnetic field generated near the 
rotation center and in one of the regions on the magne- 
tron that is divided by a plane that includes the rotary 
shaft. Consequently, the present invention provides a 
sputtering device and a film-forming method which can 
Improve the in-plane unifomiity of the film thickness. 

Claims 

1 . A magnetron sputter reactor, comprising: 



34 

2. The reactor of Claim 1, wherein said first magnet 
band encloses an aperture substantially free of per- 
manently magnetized material. 

5 3. The reactor of Claim 2, wherein some of magnetic 
field lines originating from said second magnet 
band pass through said aperture without touching 
said first side of said first magnet band. 

10 4. The reactor of Claim 1 , wherein said second total 
magnetic flux is at least 1.5 times said first total 
magnetic flux. 

5. The reactor of Claim 1 , wherein said first and sec- 
15 ond magnet bands are separated by a substantially 

constant gap. 

6. The reactor of Claim 1, wherein said first magnet 
band comprises a first plurality of first magnets hav- 

20 Ing said first magnetic polarity and said second 
magnet band comprises a second plurality of sec- 
ond magnets having said second magnetic polarity. 

7. The reactor of Claim 6, wherein said first plural'ity 
25 equals said second plurality and further comprising 

a first plurality of magnetic yokes supporting and 
magnetically coupling respective pairs of said first 
and second magnets. 

30 8. The reactor of Claim 6, wherein said second mag- 
nets are ananged in a shape of a ring surrounding 
said first magnets. 

9. The reactor of Claim 6, further comprising: 

35 

at least one first magnetic pole piece arranged 
on said first side of and magnetically coupling 
all of said first magnets; and 
at least one second magnetic pole piece 
40 arranged on said second side of and magneti- 

cally coupling all of said second magnets. 

10. The reactor of Claim 1, wherein said second mag- 
net band has an oval shape with a major axis and a 
minor axis no smaller than 0.8 times said major 
axis. 

11. The reactor of Claim 10, wherein said major and 
minor axes are substantially equal, thereby produc- 
ing a circular shape. 

12. The reactor of Claim 1, wherein said magnetron Is 
rotatable about a center of said target. 

13. The reactor of Claim 1, wherein said second mag- 
net band is principally disposed in a first half area of 
said target separated from a second half area of 
said target by a line passing through said center of 



a vacuum chamber; 

a substrate support positioned in said cham- 
ber; 

a sputtering target facing said support; and 
a magnetron positioned on a side of said target 45 
opposite said support and including 

a first magnet band producing a first total 
magnetic flux of a first magnetic polarity on 
a first side facing said target, and 50 
a second magnet band enclosing said first 
magnet band and producing a second total 
magnetic flux of a second magnetic polar- 
ity opposite said first magnetic polarity on 
a second side facing said target, 55 
wherein said second total magnetic flux is 
greater than said first total magnetic flux. 
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said target, wherein said first magnet band does not 
extend into said second half area and wherein said 
second magnet band extends no further into said 
second half area than 1 5% of a radius of said target 
from said center of said target 

14. A magnetron sputter reactor, comprising: 

a vacuum chamber; 

a substrate support positioned in said cham- 
ber; 

a sputtering target facing said support; and 
a magnetron positioned on a side of said target 
opposite said support and Including 

a first magnet band producing a first total 
magnetic flux of a first magnetic polarity on 
a first side facing said target, wherein said 
first magnet band encloses an aperture, 
and 

a second magnet band enclosing said first 
magnet band and producing a second total 
magnetic flux of a second magnetic polar- 
ity opposite said first magnetic polarity on 
a second side facing said target. 

15. The reactor of Claim 14, wherein said second total 
magnetic flux is greater than said first total mag- 
netic flux. 

16. A magnetron sputter reactor, comprising: 

a vacuum chamber; 

a substrate support positioned in said cham- 
ber; 

a sputtering target facing said support and hav- 
ing a center axis; and 

a magnetron positioned on a side of said target 
opposite said support, rotatable about said 
center axis of said target and including 

a first magnet band producing a first total 
magnetic flux of a first magnetic polarity on 
a first side facing said target, wherein said 
first magnet band encloses an aperture 
substantially free of pemianently magnet- 
ized material, and 

a second magnet band enclosing said first 
magnet band and producing a second total 
magnetic flux of a second magnetic polar- 
ity opposite said first magnetic polarity on 
a second side facing said target, wherein 
said second magnet band passes through 
said center axis or passes within a dis- 
tance of said center axis of no more than 
1 0% of a radius of said target. 

17. The reactor of Claim 16, wherein said second total 
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magnetic flux is greater than said first total mag- 
netic flux. 

18. The reactor of Claim 16, wherein said first magnet 
5 band is confined to a first semi-circular half area of 

said target and said second magnet band extends 
into a second semi-circular half area of said target 
by no more than 1 5% of a radius of said target, said 
two half area being separated by a boundary pass- 
10 ing through said center axis. 

19. The reactor of Claim 1 6, wherein said second mag- 
net band passes through said center axis. 

15 20. A magnetron sputter reactor, comprising: 

a vacuum chamber; 

a substrate support positioned in said cham- 
ber; 

20 a sputtering target facing said support and hav- 

ing a target radius extending from a target 
center to a target periphery; and 
a magnetron positioned on a side of said target 
opposite said support, rotatable about said tar- 

25 get center, and including 

a plurality of first cylindrical magnets of a 
first magnetic polarity and having a first 
diameter anBnged along a first portion of 

30 an oval band extending from a point within 

1 5% of said target radius from said target 
center toward said target periphery; 
a plurality of second cylindrical magnets of 
said first magnetic polarity and having a 

35 second diameter less than said first diame- 

ter arranged along a second portion of said 
oval band closer to said target center than 
said first portion; and 

a plurality of third cylindrical magnets of a 
40 second magnetic polarity opposite said 

first magnetic polarity disposed inside said 
first oval band. 

21. The reactor of Claim 20, wherein a total cross-sec- 
45 tional area of said first and second magnets is at 

least 1 50% of a total cross-sectional area of said 
third magnets. 

22. The reactor of Claim 20, wherein said third magnets 
50 have a third diameter equal to said first magnets. 

23. The reactor of Claim 20, wherein said oval band 
has a circular shape. 

55 24. The reactor of Claim 23, further comprising a non- 
circular oval pole piece magnetically coupling 
together free ends of said third magnets. 
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25. A magnetron sputter reactor, comprising: 
a vacuum chamber; 

a substrate support positioned In said cham- 



a sputtering target facing said support and hav- 
ing a target radius extending from a target 
center to a target periphery; and 
a magnetron positioned on a side of said target 
opposite said support, rotatable about said tar- io 
get center, and including 

a plurality of first magnets of a first mag- 
netic polarity arranged a closed band 
extending from a point within 15% of said is 
target radius from said target center 
toward said target periphery and having a 
first total magnetic flux; and 
at least one second magnet of a second 
magnetic polarity opposite said first mag- 20 
netic polarity disposed inside said first 
band and having a second total magnetic 
flux; 

wherein said first total magnetic flux is at least 2S 
150% of said second total magnetic flux. 

26, The reactor of Claim 25. wherein said band has a 
convex shape. 



27. The reactor of Claim 26, wherein said convex 
shape is an oval shape having a major axis and a 
minor axis that is no less than 0.8 of said major 
axis. 



28. The reactor of Claim 27, wherein said major axis 
equals said minor axis. 

29. The reactor of Claim 25, wherein said target center 

is either coincident with said band or lies outside an 40 
outer periphery of said band. 
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